Although we understand many aspects of how small proteins (number of residues less than about hundred) fold, it is a major challenge to understand how large proteins self-assemble. To partially overcome this challenge, we performed simulations using the Self-Organized Polymer model with Side Chains (SOP-SC) in guanidinium chloride (GdmCl), using the Molecular Transfer Model (MTM), to describe the folding of the 110-residue PDZ3 domain. The simulations reproduce the folding thermodynamics accurately including the melting temperature (T m ), the stability of the folded state with respect to the unfolded state. We show that the calculated dependence of ln k obs (k obs is the relaxation rate) has the characteristic Chevron shape. The slopes of the Chevron plots are in good agreement with experiments. We show that PDZ3 folds by four major pathways populating two metastable intermediates, in accord with the kinetic partitioning mechanism. The structure of one of the intermediates, populated after polypeptide chain collapse, is structurally similar to an equilibrium intermediate. Surprisingly, the connectivities between the intermediates and hence, the fluxes through the pathways depend on the concentration of GdmCl. The results are used to predict possible outcomes for unfolding of PDZ domain subject to mechanical forces. Our study demonstrates that, irrespective of the size or topology, simulations based on MTM and SOP-SC offer a framework for describing the folding of proteins, mimicking precisely the conditions used in experiments.
Introduction
The most common way of initiating folding (unfolding) of proteins in ensemble and single molecule experiments is by decreasing (increasing) the concentration of denaturants. Thus, direct comparison with experiments is only possible if simulations are done using models that take the effects of denaturants into account. 1 Although atomic detailed simulations hold the promise of quantitative description of denaturant-induced folding or unfolding, 2-6 currently the only available method for obtaining the thermodynamics and folding kinetics of proteins, even for proteins as large as GFP, 7 is the Molecular Transfer Model (MTM) in combination with coarse-grained SOP-SC representation of polypeptide chain. 8, 9 The theoretical basis for the success of the MTM has been explained elsewhere. 10 Applications of MTM to probe folding of a variety of proteins have yielded quantitative agreement with experiments 7, 8, [11] [12] [13] which attests to the efficacy of the MTM.
One of the early applications of MTM was the demonstration that the Chevron plot of the 56-residue srcSH3 domain could be reproduced nearly quantitatively. 9 However, the extension of these calculations to proteins with more than hundred residues has been difficult even using the simplified coarse-grained SOP-SC models. One of the goals of this study is to overcome this challenge. The second problem that we address is to establish the folding mechanism as a function of denaturant concentration for a large single domain protein. If the folding mechanism involve parallel pathways, as theoretical and computational studies have firmly established, [14] [15] [16] [17] then are the fluxes through the pathways modulated by changing the external conditions such as denaturant concentration or mechanical forces?
Understanding the origin of parallel folding and unfolding pathways, and how they are altered by environmental changes, is important in establishing the generality of the protein folding mechanisms. Here, we investigate the denaturant-dependent folding and unfolding of PDZ3, a protein with110 residues. PDZ domains, found in many cell junction-associated proteins, are a large family of globular proteins that mediate protein-protein interactions and play an important role in molecular recogniton. [18] [19] [20] [21] The folding of PDZ3 domain, a member of this family, has been studied both by experiments and computations. [22] [23] [24] [25] [26] The constructs used in these experiments differ.
For example, Bai and coworkers 22 used the construct with two additional β-strands at the C terminal, which are not found in the native PDZ3 domain. Two recent experiments 27, 28 have shown that much of the folding properties, such as the existence of an intermediate or the nature of the transition states, are not greatly affected in the presence or absence of non-native structural elements. In GmdCl-induced equilibrium unfolding experiments of PDZ3 or its variants, the folding transition appears to be highly cooperative, seemingly displaying a simple two-state behavior. In the Chevron plot of PDZ3 domain in GdmCl solution at pH= 6.3, both the folding and unfolding arms are linear functions of GdmCl con- 22 Interestingly, the addition of potassium formate at pH= 2.85 induces a rollover in the unfolding arm in the Chevron plot, suggestive of an intermediate. 24, 25 This finding is reminiscent of the salt-induced detour found in the folding of the protein S6. 29 In the presence of potassium phosphate at pH= 7.5, there are two thermal unfolding transitions in DSC experiments, further demonstrating the existence of intermediate states, at least in the presence of salt. 26 Based on these experiments, we surmise that the PDZ3 domain folding must occur by multiple pathways, even if they are hard to detect in generic ensemble experiments. If there are multiple pathways, is it possible that the fluxes through these pathways could change by altering the concentration of denaturant in this large single domain as reported for a two-domain protein 30 ? Here, we answer this question in the affirmative using MTM simulations in the folding of PDZ3 domain as a function of GdmCl concentration, after establishing that the SOP-SC simulations capture the key findings in ensemble experiments.
We combine simulations of coarse-grained off-lattice SOP-SC model [31] [32] [33] and the molecular transfer model [8] [9] [10] to decipher the folding mechanism of PDZ3 domain. The calculated fractions of molecules in the native basin of attraction(NBA), f N BA , and the unfolded basin of attraction(UBA), f U BA as a function of the denaturant concentration [C] are in excellent agreement with experiments. In addition, we find that a small fraction, f IBA , of an intermediate, not resolved in ensemble experiments, is populated in equilibrium The Tanford β parameters for the two transition state ensembles obtained in simulations are in quantitative agreement with those inferred from experiments. 24, 25 We show that the fluxes between the assembly pathways can be modulated by varying the denaturant concentration. Many of our predictions are amenable to experimental test.
Methods

SOP-SC model:
Our simulations were carried out using the SOP-SC (Self-Organized Polymer-Side Chain) model for the protein. 9, 10 Each residue is represented by two interaction centers, with one centered at the C α position, and the other located at the center of mass of the side chain.
The energy function of a conformation in the SOP-SC representation of the polypeptide chain is,
The detailed functional form and the values of the parameters are described elsewhere. 9
Molecular Transfer Model: In the MTM the effective free energy function for a protein in aqueous denaturant solution is
where ∆G({r i }, [C]) is the free energy of transferring a given protein conformation from water to aqueous denaturant solution, the sum is over all the interaction centers (i), δg(i, [C]) is the transfer free energy of interaction center i, α i is the solvent accessible surface area (SASA), and α Gly−i−Gly is the SASA of the i th interaction center in the tripeptide Gly − i − Gly.
We used the procedure described in detail previously 9,10 to calculate the thermodynamic properties of proteins in the presence of denaturants.
Langevin Dynamics: We assume that the dynamics of the protein is governed by the Langevin equation,
where m is the mass of a bead, ζ is the friction coefficient, F c = −∂E P ({r i })/∂r i is the conformational force calculated using Eq. (1), Γ is the random force with a white noise spectrum. To enhance sampling, we used Replica-Exchange Molecular Dynamics (REMD) [34] [35] [36] to carry out thermodynamics sampling at low friction coefficient ζ L = 0.05m/τ L . 37 Here, τ L is the unit of time (see below) for use in the computation of thermodynamic quantities, and m is the average mass of the beads. It is obvious that the precise values of these two quantities do not play a role in the determination of the equilibrium properties of interest. In the underdamped limit, we employ the Verlet leap-frog algorithm to integrate the equations of motion.
Brownian Dynamics: To obtain a realistic description of the kinetics of folding or unfolding, we set ζ H = 50m/τ L , which approximately corresponds to the value of the friction coefficient in water. 38 At the high ζ value where the inertial forces are negligible, we use the Brownian dynamics algorithm 39 to integrate equations of motion using
It is important to note for obtaining kinetic properties the systematic force, F c in Eq. 4 is,
where G P ({r i }) is given in Eq. (2) .
Time scales: In the high ζ limit the unit of time is
Veitshans, 38 we chose e l = 1 kcal/mol, average mass m = 1.8 × 10 −22 g, a = 4Å, which makes τ L = 2 ps. For ζ H = 50 m/τ L , we obtain τ H = 164 ps. These estimates are used to obtain estimates of the folding times from our Brownian dynamics simulations.
In Langevin dynamics simulations, the integration time step, h = 0.05τ L , whereas in the Brownian dynamics simulations, h = 0.1τ H (Eq. (4)).
Results
The structure of the N = 110 residue PDZ3 domain from PSD-95 is shown in Fig-1A (PDB ID: 1BFE). In contrast to the typical structure of a PDZ domain, it has one additional helix (α 3 and a two-stranded β sheet formed between two short strands, β 7 and β 8 at the C terminal. They are colored in red in Fig-1A .
Melting temperatures: The melting temperature, identified with the peak in the heat Boundaries between the distinct thermodynamic states: To define the Native Basin of Attraction (NBA) and the basins corresponding to the unfolding (UBA) and intermediate states (IBA), we obtained the free energy profile G(χ) as a function of the structural overlap function, χ, which serves as an order parameter. The structural overlap function Our finding that f IBA ([C], T s ) is small is consistent with the observed protein-concentration dependent thermal unfolding in DSC experiments, where at low PDZ3 concentration only one transition is observed as the associated intermediate is not substantially populated. 26 The native state stability with respect to U, We use χ in Eq. (6), the microscopic order parameter of the protein, to distinguish between the native, the unfolded and high-energy intermediate states. 40 Fig-3B shows that, at low
[GdmCl], the first transition state ensemble, TSE1, is rate limiting for folding. However, at high [GmdCl] the second transition state ensemble, TSE2, is rate limiting. These findings agree qualitatively with the energy diagram for the folding reactions proposed elsewhere. 24 The movement of the transition states with changing concentration is in accord with the Hammond postulate.
Structures of the transition state ensembles (TSEs):
The free energy profile as a function of χ in Fig. 2A , suggests that there are two barriers. The ensembles of conformations at their locations, grouped as TSE1 and TSE2, are shown by the shaded areas. The global characteristic of the TSE in ensemble experiments is usually described using the Tanford parameter, β. From the observed chevron plot, (β 1 E , β 2 E ) = (0.53, 0.87) 24 or (0.56, 0.90) for TSE1, TSE2 respectively. 25 It is generally assumed, that β is related to the buried solvent accessible surface area (SASA) in the TSE. For the TSE obtained in our simulations, we calculated the distribution P (∆ R ) (Fig-4A Given these observations, we surmise that the Tanford β calculated using the simulation data is in reasonable agreement with experimental values. the core of the native topology is well established except for β 1 , β 7 and β 8 . We should point out a minor discrepancy between our results and a previous study. 25 We find that β 1 is unstructured in the TSE2 but is found to be structured by Jemth. 25 Folding kinetics and the Chevron Plot: We calculated the [C]-dependent folding theoretically establish the reasons for the large difference between the predicted and experimental values of the unfolding rate, especially considering that the folding rate is accurate.
We expect, on general grounds, that both the folding and unfolding rates should differ from measurements because we use coarse-grained models. In several previous studies 9,10,12 we had argued that the difference between simulations and experiments could be on one or two orders of magnitude. The effective diffusion in our model is greater than would be the case had the solvent been modeled explicitly, which alas is impossible to do using current atomic Fluxes through parallel pathways depend on the denaturant concentration: By analyzing the folding trajectories by using χ as the progress variable for the folding reaction, we find that PDZ3 folds along four distinct pathways. One representative trajectory for each pathway is shown in Fig-6 , where χ is displayed as a function of t. In each pathway folding occurs in stages. In addition to the conformations in the UBA and the NBA, we identified two intermediate states (KIN 1 and KIN 2 ), whose lifetimes vary greatly depending on the pathway. Arrows of each color in Fig-7 The flux through P1, identified at [C] = 0 remains dominant at [C] = 0.5M (Fig-7B , ∼ 52%) and [C] = 1.0M (Fig-7C, ∼ 61%) KIN 2 ) , we calculated the average fraction of native contacts at every residue f Q s. The correlations between the f Q s for the three states are shown in Fig-8A and Fig-8B . The correlation between I EQ and KIN 1 is very low (correlation coefficient, R=0.3), indicating that at the early stages of folding a variety of compact but structurally diverse states are explored. The observation that in the initial stages of organization a heterogeneous mixture of states with small thermodynamic states are sampled is consistent with early atomic detailed simulations on cytochrome c. 44 In contrast, the correlation between the calculated f Q between I EQ and KIN 2 is high (Fig-8B) . with the correlation coefficient, R=0.98. A linear fit of the line in Fig-8B gives y = A+Bx with A = 0.008±0.007, B = 1.175±0.021. Since the intercept, A, is close to zero, and the slope, B, is close to unity, we conclude that KIN 2 and I EQ are the same intermediate species. Fig-8C shows, for KIN 1 , I EQ and KIN 2 , the average fraction of native contacts
at every residue f Q s by color, vividly demonstrating the similarity between KIN 2 and I EQ .
In addition, KIN 2 and I EQ are very similar to the native PDZ3 structure except that the β 1 strand and α 3 helix are not structured if the β 7 and β 8 strands are not included. These results show that in the later stages of folding the equilibrium and kinetic intermediates coincide, which is expected to hold for most, if not all, foldable proteins. In the later stages of folding, which corresponds to the stage after chain compaction, native-like interactions dominate, which was first shown using lattice models 45, 46 for which precise computations can be performed. Because native-like structures, which have considerable Boltzmann weight, dominate it follows that the structural features of KIN 2 and I EQ should coincide.
Despite the simplicity of theory-based approach used here it is worth emphasizing again the validity of the SOP model from the following perspectives. First, the SOP model was not parameterized but is transferable, as we have demonstrated in a number of applications (see for example 9, 12, 43 ). Second, the SOP model predictions for the thermodynamics are in excellent agreement with experiments not only for this protein but also for about ten proteins for which detailed comparisons have been made. Third, previous simulations using lattice models 45, 46 show that after the polypeptide chain collapses the transition to the native state is dominated by native-like interactions, which is consistent with our finding that the structural features of KIN 2 and I EQ coincide and thus justifies the SOP model.
For these reasons we believe that the major prediction that the fluxes through the pathways can be altered by changing the denaturant concentration is valid, and certainly amenable to experimental test as was done for adenylate kinase. 30 Denaturants alter the connectivity between the metastable intermediates:
The most interesting finding that denaturants alter the connectivity between the intermediates, and hence the fluxes through the distinct pathways, was already demonstrated in a most beautiful single-molecule fluorescence energy transfer (smFRET) experiment. 30 Using adenylate kinase (ADK), a 214-residue two (or three) domain protein, and by collecting a large number of trajectories Haran and coworkers showed that during the folding process six metastable intermediates are populated. Most importantly, they showed using Hidden Markov Model analysis of the smFRET trajectories that the pathways traversed by ADK depend on the concentration of GdmCl. Both sequential (state i is connected to its neighbor i±1) as well as non-sequential transitions, leading to parallel folding routes, are found during the folding process. The findings for ADK in experiments are qualitatively reflected in the simulated folding pathways of the smaller single domain PDZ domain. In particular, at the three concentrations of GdmCl we find both sequential and non-sequential connectivities.
Just like the ADK study, we also find that a minor population of unfolded states directly reach the NBA, as predicted by the kinetic partitioning mechanism (KPM). 47 Surprisingly, our simulations for PDZ show that KPM occurs only at 0.5M and 1.0M GdmCl but not in the absence of the denaturant. Overall, our simulations provide support to the discovery by Haran and coworkers 30 that fluxes through parallel folding pathways could be altered by changing the denaturant concentration.
It is interesting to compare this key finding 30 to the reports of parallel unfolding routes in I27 induced by denaturants 48 and SH3 domain by mechanical force (F ). 49 In both these studies the [C] or F dependence of ln k u (k u is the unfolding rate) exhibited upward curvature.
Recently, we showed using theory that as long as the perturbation of the protein is linear in In the first case, we expect that the free energy profile could be described by an effective one-dimensional reaction coordinate with an outer barrier dominating at low forces and an inner barrier becoming important at high forces. 51, 52 This scenario could hold good for forceinduced unfolding of PDZ3, which would be consistent with the energy landscape inferred from ensemble experiments. 27 In this case there would be a change in the transition state position from a large (small) value at (low) (high) force. The more interesting scenario is that the location of the transition state in terms of the molecular extension, conjugate to the applied force, is an increasing function of force just as found for the unfolding of the SH3 domain. 49 In this case we would predict based on the free energy profiles in Fig. 3 
Conclusions
Using PDZ3 as another case study we have showcased the power of the SOP-MTM simulations in capturing accurately the thermodynamics of folding in the presence of denaturants.
Although the unfolding rate in the absence of denaturants deviates substantially from experiments, the predicted folding rate in water is in excellent agreement with experiments.
The major finding is that PDZ3 folds by parallel pathways with the crucial prediction that fluxes through the major pathways depend on the denaturant concentration. Single-molecule fluorescence energy transfer experiments could be used to validate our predictions. The two scenarios for parallel folding pathways, which lead to different predictions for the variation in the position of the transition states with changes in the mechanical force, can be distinguished using single molecule pulling experiments. Finally, the present work shows that the most practical, reasonably accurate, and currently the only way of taking the effects of denaturants into account is by using the SOP-MTM simulations. The transferability of this method has been established through numerous applications. 
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